the CRIC Study Investigators* Background--Serum bicarbonate varies over time in chronic kidney disease (CKD) patients, and this variability may portend poor cardiovascular outcomes. The aim of this study was to conduct a time-updated longitudinal analysis to evaluate the association of serum bicarbonate with long-term clinical outcomes: heart failure, atherosclerotic events, renal events (halving of estimated glomerular filtration rate [eGFR] or end-stage renal disease), and mortality.
increase endothelin and aldosterone, even in the absence of a low plasma bicarbonate. 4 Metabolic acidosis is a predictor of kidney disease progression 5 and a limited number of interventional trials have shown that base therapy in the form of sodium bicarbonate or simply a diet rich in fruits and vegetables improves the interstitial acid-base milieu, reduces endothelin and aldosterone levels, and slows the CKD progression. [6] [7] [8] [9] [10] However, whether changes in acid base milieu have an impact on cardiovascular outcomes is less well studied. Additionally, the optimal level of serum bicarbonate for the cardiovascular system has not been evaluated in any of these trials. Indeed, while most literature has focused on metabolic acidosis, the effect of high serum bicarbonate in CKD patients has been less studied.
Observational studies have shown that serum bicarbonate concentration is associated with renal outcomes and mortality, with a presumed optimal level in the 24 to 26 mmol/L range, [11] [12] [13] [14] [15] [16] resulting in the current recommendation to maintain serum bicarbonate above 22 mmol/L in CKD patients. 17 Our initial work in the Chronic Renal Insufficiency Cohort (CRIC) Study showed a 14% higher risk of heart failure events (HR, 1.14; 95% CI, 1.03 to 1.26; P=0.02) per 1 mmol/L increase in serum bicarbonate level over 24 mmol/L, and a 3% lower risk for renal events per 1 mmol/L increase in serum bicarbonate (HR, 0.97; 95% CI, 0.94 to 0.99; P=0.01). 5 All the above-mentioned studies used a single point appraisal of the serum bicarbonate level at study baseline, without taking into consideration the bicarbonate variation overtime, which is a frequent occurrence in CKD population. Marginal structural models (MSMs) are modern statistical tools available to estimate the effect of time-updated exposures, heavily influenced by time-updated confounders in longitudinal studies. 18 The goal of this analysis was to investigate the relationship between serum bicarbonate levels and heart failure events, CKD progression, and mortality utilizing time-updated serum bicarbonate measurements, and appropriate adjustment for time-dependent confounders. We also sought to explore the potential effect modification by demographic and clinical characteristics, including level of kidney function.
Methods

Study Design and Population
The Chronic Renal Insufficiency Cohort (CRIC) Study enrolled 3939 individuals aged 21 to 74 years with estimated glomerular filtration rate (eGFR) of 0.33 to 1.17 mL/s per m 2 (20 to 70 mL/min per 1.73 m 2 ), from June 2003 to December 2008 at 7 clinical centers across the United States (Ann Arbor, MI; Baltimore, MD; Chicago, IL; Cleveland, OH; New Orleans, LA; Philadelphia, PA; and Oakland, CA). Study design and baseline participant characteristics were previously published. [19] [20] [21] Major exclusion criteria included prior dialysis treatment lasting more than 1 month, New York Heart Association Class III/IV heart failure, polycystic kidney disease, or other primary renal diseases requiring active immunosupression, human immunodeficiency virus (HIV) infection, pregnancy, inability to give informed consent or institutionalization. Participants underwent annual study visits and telephone follow-up twice a year. The final study population for this analysis included 3586 participants after exclusion of 353 with missing serum bicarbonate and other covariates at baseline. There was no statistically significant difference between study participants and those excluded from the analyses. Study participants provided written informed consent and authorized release of medical records for study purposes, and are followed annually under protocols approved by institutional review boards at each of the CRIC Study clinical centers.
Data Collection
Main predictor
Serum bicarbonate was measured annually using an enzymatic procedure with phosphoenolpyruvate carboxylase on the Ortho Vitros platform at the University of Pennsylvania Core Laboratory. Time-updated mean serum bicarbonate level was defined as the average serum bicarbonate at any given visit along with those from all prior visits. The current analysis examined timeupdated mean serum bicarbonate levels continuously per 1 mmol/L increase, and categorically using the following groups of serum bicarbonate: below 22 mmol/L, between 22 to 26 mmol/L (reference group) and above 26 mmol/L.
Outcomes
The study outcomes were adjudicated heart failure events, atherosclerotic events, renal disease progression, and mortality, ascertained from study entry through March 2012. Participants' follow-up was censored at the end of the followup time period, loss to follow-up, when they achieved the event of interest, or death, whichever occurred first.
Study personnel identified possible heart failure events by reviewing hospital billing codes. Two independent reviewers adjudicated heart failure events and classified them as probable or definite. Criteria for congestive heart failure events included a combination of symptoms (dyspnea on exertion, paroxysmal nocturnal dyspnea, and orthopnea), accompanied by radiographic changes (pulmonary edema, congestion) or pertinent findings on physical examination (evidence of 2 or more of the following: pulmonary rales, S3 gallop, jugular venous distension >5 cm, and peripheral edema).
Atherosclerotic events included adjudicated myocardial infarction, cerebrovascular accident, or peripheral vascular disease. Criteria for myocardial infarction classified as definite, probable, or possible, included a combination of chest pain, electrocardiographic abnormalities, and elevated cardiac biomarkers. Peripheral vascular disease procedures were ascertained using International Classification of Diseases, Ninth Revision codes. Two neurologists adjudicated cerebrovascular accidents.
Renal disease progression was defined by a composite of ESRD or halving of eGFR from baseline. ESRD was defined as receipt of chronic dialysis or kidney transplant and was ascertained primarily through self-report. Estimated GFR was calculated from serum creatinine and cystatin C using a CRIC Study equation. 22 Time to eGFR halving was imputed assuming a linear decline in kidney function between in-person annual visit measures.
Mortality was ascertained from reports of next of kin, retrieval of death certificates, obituaries, reviews of hospital records, and linkage with the Social Security Death Master File.
Covariates
Demographic and clinical information were obtained at the baseline and follow-up study visits by questionnaires, interviews, and physical examination. History of any cardiovascular disease included prior myocardial infarction, revascularization, heart failure, stroke, or peripheral arterial disease. Current smoking was defined as self-report of current use of cigarettes and at least 100 cigarettes smoked. At each study visit, participants were queried about any medication usage in the prior 30 days. All anti-hypertensive medications were categorized into drug classes, and the total number of anti-hypertensive drug classes was calculated. Serum creatinine was measured at the CRIC Central Laboratory by an enzymatic method (www.orthoclinical.com) through October 2008 and by the Jaffe method (www.beckmancoulter.com) thereafter, and standardized to isotope dilution mass spectrometry-traceable values. 23, 24 Twenty four-hour urine total protein was measured using a turbidometric method (www.roche-diagnostics.us) through October 2008, and spectrophotometric quantitation (www.beckmancoulter.com) thereafter. Glucose was detected using a coupled enzymatic method (www.orthoclinical.com) through October 2008, and by an oxygen-depletion method (www.beckmancoulter.com) thereafter. Diabetes mellitus was defined as a fasting glucose >7 mmol/L (126 mg/dL), a nonfasting glucose >11.1 mmol/L (200 mg/dL), or use of insulin or other antidiabetic medication. 25 Hypertension was defined as either systolic BP ≥140 mm Hg, diastolic BP ≥90 mm Hg, or use of antihypertensive medications. 26 
Statistical Analysis
Descriptive statistics and distributions of all available serum bicarbonate variables were created. Over each participant's entire follow-up, serum bicarbonate was classified as the percentage of time spent with a serum bicarbonate level <22 mmol/L, between 22 to 26 mmol/L, and >26 mmol/L, each categorized as 0%, 1% to 20%, 20.1% to 40%, 40.1% to 99.9%, and 100% of follow-up time. The proportion of participants in each of these categories of follow-up time was depicted graphically. Crude event rates were calculated overall and within levels of baseline serum bicarbonate.
Marginal structural models were designed to estimate the cumulative effect of a treatment/exposure over some period when the confounders change over time. 18 We used timeupdated information on serum bicarbonate by examining the mean bicarbonate over time at each study visit, to ascertain its average causal effect on clinical outcomes. Important covariates associated with heart failure and renal events, like proteinuria and eGFR vary over time and may also predict subsequent serum bicarbonate levels. Therefore, to account for this potential time-dependent confounding while leaving any pathway effects intact, we fit marginal structural models (MSMs) that utilize a weighted discrete time logistic regression model. This model is comparable to the standard Cox proportional hazards model. 18 The weight for each observation in the MSMs was inversely proportional to the probability that a subject's history of bicarbonate level is what was observed in the dataset. Hazards ratios and 95% confidence intervals (95% CI) were reported for all models. All models were adjusted for age, gender, race/ethnicity, clinical center, eGFR, proteinuria, diabetes, systolic blood pressure, cardiovascular disease at baseline, chronic obstructive pulmonary disease, tobacco use, diuretic and alkali medication used, lowdensity lipoprotein, fibroblast growth factor 23, high-sensitivity C-reactive protein. Serum bicarbonate was modeled in terms of hazards ratios per 1 mmol/L increase and also across distinct categories (<22, 22 to 26, and >26 mmol/L).
MSMs compare different scenarios that would happen to subjects in the study. For example, what would happen if all subjects' serum bicarbonate levels were above 26 mmol/L compared with what would happen if all subjects' serum bicarbonate levels were between 22 to 26 mmol/L. For example, if the hazard ratio for heart failure is found to be 1.66 for the group of serum bicarbonate >26 mmol/L, the risk of heart failure would be 66% higher if all subjects' bicarbonate level were >26 mmol/L during the whole followup time, than if all subjects' bicarbonate level were between 22 to 26 mmol/L. Similar interpretation applies to the other outcomes. More detailed explanation of MSM is included the Data S1.
We explored effect modification by an a priori selected set of baseline characteristics including race/ethnicity, diabetes status, and level of kidney function (eGFR <45 and ≥45 mL/ min per 1.73 m²). Interaction terms were included in the marginal structural models and stratified analyses across these variables were reported. All analyses were performed using SAS 9.3 (SAS Institute, Cary, NC). All statistical tests were 2 sided, and P<0.05 was considered significant.
Results
The study included 3586 participants with CKD from CRIC. Mean age at study entry was 58AE11 (SD) years, the mean eGFR was 0.75 mL/s per m 2 (44.9 mL/min per 1.73 m 2 ), median 24-hour urine total protein excretion was 0.2 g/day and median serum bicarbonate level was 24; interquartile range, 22 to 26) mmol/L. In the study cohort, 1631 (41.8%) were African-Americans, 1763 (45.2%) were females and 1896 (48.6%) had diabetes. At baseline, participants who were African-Americans, older, diabetics, on diuretics, and with higher body mass index were more likely to have serum bicarbonate above 26 mmol/L. At the other end of the spectrum, participants who were younger, male, Hispanic, and hypertensive were more likely to have a serum bicarbonate below 22 mmol/L. Likewise, participants with lower eGFR and hemoglobin, and higher creatinine, proteinuria, parathyroid hormone, phosphorus, and FGF23 levels had low serum bicarbonate (<22 mmol/L) at baseline. See Table 1 for additional baseline study cohort characteristics.
Each participant's serum bicarbonate values over their course of participation in the CRIC study was averaged; the within-participant mean serum bicarbonate level over time ranged from 11 to 39 mmol/L (mean [SD]: 24.4 [2.7] mmol/L) ( Figure 1 ). Figure 2 depicts the distribution of follow-up time spent with serum bicarbonate above 26 and below 22 mmol/L among all participants. In almost 5% of CRIC participants, all measured serum bicarbonate levels were greater than 26 mmol/L. Conversely, in 55.1% of study participants, all measured serum bicarbonate levels were less than 22 mmol/L.
Heart Failure Events
Over an average of 6 years of follow-up, 512 participants developed adjudicated congestive heart failure events that were classified as probable or definite (26 events per 1000 person-years). Heart failure increased with higher levels of serum bicarbonate. In marginal structural models that incorporated time-updated serum bicarbonate levels and adjustment for other time-updated covariates, the risk for heart failure was 8% higher with each 1 mmol/L increase in mean serum bicarbonate over time (hazard ratio [HR] 1.08, 95% confidence interval [CI] 1.04 to 1.13, P<0.001). The rates of heart failure were nearly 2-fold higher if participants' mean serum bicarbonate level were above 26 mmol/L over time compared with between 22 to 26 mmol/L (HR 1.66, 95% CI, 1.23 to 2.23, P<0.001). There were no detectably different rates of heart failure events for those whose mean serum bicarbonate remained <22 mmol/L over time, compared with those with mean levels 22 to 26 mmol/L (HR 1.00; 95% CI, 0.70 to 1.44; P=0.99) ( Table 2) . Similar findings were observed when the risk for composite outcome of heart failure or death was evaluated in marginal structural models (Table S1 ).
Atherosclerotic Cardiovascular Events
There was no association between time updated serum bicarbonate levels and atherosclerotic cardiovascular events examined as a continuous or categorical variable in marginal structural models adjusted for time updated covariates (Table  S2 ).
Renal Events
Renal events were observed in 749 participants (37 events per 1000 person-years) during follow-up time. Renal disease progression was more likely in participants with lower levels of serum bicarbonate. In marginal structural models that adjusted for time updated covariates the risk for renal events that was 7% lower with each 1 mmol/L increase in mean serum bicarbonate over time (HR 0.93, 95% CI 0.89 to 0.96, P<0.001). The rates of renal events were nearly 2-fold higher if participants' mean serum bicarbonate were less than 22 mmol/L over time compared to mean levels of 22 to 26 mmol/L (HR 1.97, 95% CI 1.50 to 2.57, P<0.001). There were no detectably different rates of renal events for those whose mean serum bicarbonate remained above 26 mmol/L over time, compared with those with mean levels 22 to 26 mmol/L (HR 1.07, 95% CI 0.75 to 1.53, P=0.69) ( Table 2) .
Mortality
There were 639 deaths during follow-up in the study cohort (28.7 events per 1000 person-years). The risk of death associated with mean serum bicarbonate above 26 mmol/L was higher than the risk associated with mean levels 22 to 26 mmol/L (HR 1.36, 95% CI, 1.02 to 1.82, P=0.03). There was no association between time updated serum bicarbonate levels and mortality examined as a continuous variable in marginal structural models adjusted for time updated covariates ( Table 3 ).
Subgroup Analyses
We performed a series of a priori subgroup analyses to verify the associations between serum bicarbonate levels and heart failure and renal events, by race/ethnicity, diabetes status, proteinuria, and eGFR levels. The relationship between serum bicarbonate and heart failure and renal events was robust and consistent across categories of race/ethnicity, diabetes, or baseline kidney function (Figure 3 ). The strength of association between serum bicarbonate >26 mmol/L and heart failure events persisted after excluding participants taking anti-acidosis medications (calcium citrate, magnesium citrate, potassium citrate, sodium bicarbonate, sodium lactate, sodium citrate, sodium acetate, tromethamine, and lactated potassium saline) (HR 1.66, 95% CI 1.23 to 2.24), had chronic obstructive pulmonary disease (HR 1.54, 95% CI 1.13 to 2.09) or cardiovascular disease at baseline (HR 1.72, 95% CI 1.04 to 2.85). Similarly, the association between serum bicarbonate <22 mmol/L and renal events remained strong for the above groups. Analyses excluding participants on diuretic were not feasible due to the lack of poweralmost 60% of the study cohort were taking diuretics.
Discussion
In this large cohort of individuals with mild to moderate CKD, the relationship between high-serum bicarbonate and increased risk of heart failure and death was robust after accounting for time-updated measurements of kidney function, markers of inflammation, and medication use. Persistently elevated serum bicarbonate above 26 mmol/L was associated with higher risk of heart failure events and allcause mortality. At the opposite end of the spectrum, CKD patients with serum bicarbonate persistently below 22 mmol/L had an increased risk of eGFR halving or progression of renal disease to ESRD. There was no statistically significant association between serum bicarbonate levels and atherosclerotic cardiovascular events.
In addition to the traditional risk factors, including the high prevalence of atherosclerotic heart disease, anemia, hyper-tension, volume overload due to impaired sodium excretion, novel risk factors for heart failure in CKD have emerged, including elevated FGF23 and serum bicarbonate levels. 27 Though it is known that patients with CKD are predisposed to volume overload due to reduced eGFR, the independent association between serum bicarbonate and heart failure events was robust in this study, regardless of level of eGFR or proteinuria. Furthermore, changes in diuretic use overtime, that could potentially affect serum bicarbonate levels, did not influence the strength of the association.
Heart failure and CKD share several pathophysiologic mechanisms such as activation of the renin-angiotensinaldosterone system, sympathetic nervous system, inflammation, and oxidative stress. 28 CKD is the most prevalent comorbidity in heart failure and confers the highest risk of mortality and hospitalizations for heart failure. 29 There is a bidirectional relationship between CKD and heart failure, each being capable of causing or worsening the other. However, it is important to note that subjects with New York Heart Association class III and IV heart failure were excluded from the CRIC study.
The role of alkalosis on cardiac muscle is not completely understood and relatively limited literature exists in the field. It is known from animal models that mild renal insufficiency in rats results in early cardiac fibrosis and impaired diastolic function, which progresses to more global left ventricular remodeling and dysfunction. 30 Our previous work was remarkable in showing a 14% increased risk of heart failure events with each 1 mmol/L increased in serum bicarbonate above 24 mmol/L. 5 This current study takes a step forward and describes a powerful relationship between time-updated serum bicarbonate and heart failure events. Though our study is observational and does not imply causality, it does complement the evidence from animal studies that link an alkalotic milieu with restructuring of the cardiac muscle with consequent heart failure. 30 Vascular precipitation of calcium and phosphorus is probably the most extensively studied mechanism of alkalosis leading to adverse cardiovascular events and death. 31 The pathophysiology of vascular calcification in CKD is not clearly understood. 31 Experimental studies looking at the effects of alkalosis on the regulation of cardiac myocytes showed that metabolic alkalosis promotes specific changes in regulatory proteins responsible for gene transcription and cell survival. 32 It is also known that alkalinization increases vascular calcification in cultured cells and uremic rats. 33, 34 In vivo experiments on uremic rats showed that aortic calcification was prevented by metabolic acidosis that was induced by ingestion of ammonium chloride. 35 Prior observational studies and clinical trials provide evidence of the link between serum bicarbonate and kidney disease progression. Observational findings are widely consistent in demonstrating a graded increase in renal events associated with decline in serum bicarbonate. 5, 12, 13, 15 Furthermore, reports from small clinical trials, have provided evidence of improvement in renal outcomes with treatment of chronic metabolic acidosis with either sodium bicarbonate supplementation or a diet rich in fruits and vegetables. [6] [7] [8] [9] [10] Although the observational nature of CRIC Study data limits causal inference given the mutual relationship between serum bicarbonate level and severity of kidney dysfunction, novel approaches to analyzing observational data substantially improve our ability to employ such inference. The current analysis describes the time-updated effect of serum bicarbonate on CKD progression while simultaneously adjusting for the confounding effects of time-updated level of kidney function, proteinuria, diuretic and anti-acidosis medication use, while leaving intact these factors' potential intermediary effects. Marginal Structural Models compared with our previous analysis using the baseline data highlights the benefit of updating this dynamic exposure over time to better estimate its impact on clinical outcomes. To our knowledge, this analysis is the first to assess this question using appropriate techniques for dealing with time-dependent confounding.
However, some important limitations need to be noted. First, a blood gas analysis would truly assess the acid base status, compared with serum bicarbonate alone. Though we did adjust for the presence of lung disease, some participants might have high bicarbonate as a compensatory mechanism for respiratory acidosis. Second, serum bicarbonate measurements occurred in most instances a couple of days after the original blood draw, and one has to account for a change up to 4 mmol/L in true bicarbonate concentration for all determinations done after 24 hours from collection. 36 Third, the diagnosis of heart failure was made using standard algorithms based on clinical, imaging, and laboratory data that are validated in the general population, but not for heart failure in the setting of CKD. 37 Fourth, the marginal structural models used annual measurements of serum bicarbonate, which assumes the values remain constant in between 2 assessments.
The current study of a large cohort of participants with CKD stages 2 to 4 demonstrates a potent relationship between time-updated serum bicarbonate and heart failure and renal events. The deviation of serum bicarbonate from normal in either direction, one portending adverse renal outcomes and the other heart failure events reinforces the need to keep a balanced acid base status in CKD patients and find a "sweet spot" for the serum bicarbonate that correlates with the best clinical outcomes. The use of time-updated serum bicarbonate and appropriate adjustment for timedependent confounders in this analysis provides improved evidence of this important predictor of heart failure events and CKD progression compared with baseline models. These findings suggest that changes in acid base status could represent a novel mechanism of congestive heart failure in CKD. Further studies are needed to determine the optimal range for serum bicarbonate to prevent cardiovascular and renal events in patients with CKD. 
